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Abstract

Porous membranes enable the partitioning of cellular microenvironments in vitro, while still 
allowing physical and biochemical crosstalk between cells, a feature that is often necessary for 
recapitulating physiological functions. This article provides an overview of the different 
membranes used in tissue barrier and cellular co-culture models with a focus on experimental 
design and control of these systems. Specifically, we discuss how the structural, mechanical, 
chemical, and even the optical and transport properties of different membranes bestow specific 
advantages and disadvantages through the context of physiological relevance. This review also 
explores how membrane pore properties affect perfusion and solute permeability by developing an 
analytical framework to guide the design and use of tissue barrier or co-culture models. 
Ultimately, this review offers insight into the important aspects one must consider when using 
porous membranes in tissue barrier and lab-on-a-chip applications.

Graphical Abstrat

A tutorial review of different porous membranes utilized in tissue barrier and co-culture models 
with a focus on experimental design and control.

1 Introduction

Tissue-on-a-chip and cellular co-culture systems are important in advancing our 
understanding of disease progression, drug toxicity and efficacy, immune response, stem cell 
differentiation and our basic understanding of cell-cell communication. The importance of 
these systems is highlighted by recent efforts of U.S. National Institutes of Health (NIH), 

* thomas.gaborski@rit.edu.
†These authors contributed equally.

HHS Public Access
Author manuscript
Lab Chip. Author manuscript; available in PMC 2019 June 12.

Published in final edited form as:
Lab Chip. 2018 June 12; 18(12): 1671–1689. doi:10.1039/c7lc01248a.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



U.S. Food and Drug Administration (FDA), and Defense Advanced Research Projects 
Agency (DARPA) in funding the development of these systems as an alternative to animal 
models for drug screening.1–4 Many pharmaceutical companies have also partnered with 
leading research groups to explore the potential of these systems, as any associated success 
may save valuable time and resources.1–5

Porous semi-permeable membranes are integral components of any multi-compartment in 
vitro cellular system. They are necessary to create cellular or tissue interfaces and help 
establish barrier models with defined apical and basolateral surfaces. This is critical in the 
recapitulation of tissue barriers such as the gut epithelium, vasculature, lung, cornea and 
liver.6–13 While three-dimensional (3D) cell culture models may well-represent many types 
of tissue and their function, they have a number of limitations in studying transport and 
barrier properties.14 Membranes, in addition to creating a compartmentalized culture system, 
support cells in a consistent plane that simplifies imaging, which is critical for development 
of high-throughput screening assays.15,16 Cells cultured on opposing sides of a membrane 
are also more easily recovered than those cultured within a 3D hydrogel, an important 
consideration for stem differentiation and genomic readouts.14 Cells cultured in membrane-
supported barrier models can also be easily adapted to microfluidic devices for exposure to 
physiological fluid shear stress or perfusion with drugs or other activating molecules.17–22 In 
the case of perfusion, polarized confluent cells on a porous membrane can receive unique 
inputs or perturbations on their apical and basolateral surfaces that accurately represent 
physiological events.7,10,23 Lastly, one of the primary motivations for using a porous culture 
substrate is to measure transport and secretion of small molecules or the transmigration of 
leukocytes or cancer cells in a metastasis model.

In selecting or designing a porous membrane for a barrier model or co-culture system, there 
are a number of considerations that can improve the physiological relevance and 
experimental control (Fig. 1). Naturally, the pore size is likely the most deliberated 
parameter as it can dictate whether cells can transmigrate, physically contact one another or 
be limited to biochemical communication. The pore size in combination with porosity and 
membrane thickness affect the permeability and transport of species from one compartment 
to the other. Membranes can be fabricated from a variety of materials including elastomers 
that facilitate physiological levels of strain.24–27 Surface modifications are used to aid in 
attachment or alignment of cells.28 In addition, other parameters such as optical 
transparency can enable high-resolution confocal microscopy of cells on both surfaces of the 
membrane.

2 Pore size

Porous membranes commonly used in tissue barrier and co-culture models allow exchange 
of soluble factors between cell populations and in some cases even cell-cell physical contact 
(Table 1). The porous characteristics of the membranes enable the study of phenomena such 
as transmigration and permeability which are crucial in the study of immune response, 
cancer metastasis, and drug screening models. These membranes also provide mechanical 
support for the cells and establish a partition to define apical and basal compartments.
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Thorough consideration regarding pore size selection is needed in order to successfully 
establish tissue barriers and co-culture models where cell populations are spatially confined 
and able to communicate. The latter can be best achieved by selecting a membrane of 
controlled pore size and porosity, thin enough to improve permeability without 
compromising its mechanical strength. Furthermore, the size of the pores has the potential of 
modulating the transit across the membrane based on the size and flexibility of different 
cells and bioparticles (Fig. 2).

Polymeric track etched membranes are commercially available in multiwell plate culture 
inserts with pore sizes ranging from 400 nm to 8 μm, although additional pore sizes are also 
available as free-standing membrane filters. Their fabrication is based on irradiating a 
material to create tracks that are then etched to produce through pores. The porosity of these 
membranes remains inherently low due to the fact that higher porosity increases the 
incidence of merged tracks or doublet pores, which are undesirable. The random nature of 
the irradiation also leads to a regional variation of pore density. Polydimethylsiloxane 
(PDMS) membranes are fabricated through template-based soft lithography, which allows 
control over pore size and pore-to-pore spacing in the micrometer scale. However, PDMS-
based membranes may not be ideal for drug screening studies due to their ability to absorb 
hydrophobic molecules such as drugs and markers commonly used in cell culture in vitro 
assays.14,29 Nevertheless, this absorption can be reduced with a thin coat of silicon oxide or 
titanium oxide.29 Inorganic membranes have also been integrated into microfluidic devices 
for tissue barrier and co-culture model systems, such as silicon-based materials30–32 and 
aluminum oxide.33,34 These inorganic membranes offer a wide range of pore sizes in the 
nanoscale and have been fabricated through top-down and bottom-up processes such as e-
beam lithography, traditional lithography, irradiation, anodization, nanoimprint, self-
organizing polymers, and self-assembling nanospheres.35 Finally, carbon based membranes 
remain a subject of research and development since they can easily achieve very small pores 
(< 5 nm).36–38 There is vast knowledge regarding the fabrication of porous membranes, with 
the existing processes ranging from complex and costly to simple and affordable.35,39,40 

While these membranes most commonly exhibit circular pores, pentagonal10 and slit41 

shaped pores have also been reported.

2.1 Pore sizes enabling transmigration

Multidisciplinary collaboration has been the key for the increasing progress made in tissue 
barrier and co-culture models. Migration of cells across barriers such as the endothelium is 
the underlying mechanism for immune response and cancer metastasis. The Boyden 
chamber is the classic in vitro model used to study chemotaxis, which consists of a chamber 
with a membrane bottom that is then inserted into a larger chamber to form two distinct 
compartments separated by a membrane.42 The Boyden chamber later became commercially 
available as membrane inserts (e.g. Corning Transwell® and the Greiner ThinCert™) that 
can be placed into multiwall plates, and subsequently improved upon translation into a 
microfluidic set-up43 to incorporate a flow-based gradient.17–22 A PDMS microporous 
membrane with 10 μm pentagonal pores was integrated into a microfluidic device allowing 
the co-cultured cells to experience cyclic mechanical strain to simulate the breathing 
function of the lung. The model was able to recapitulate immune response following 
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epithelial stimulation with TNF-α, evidenced by neutrophil recruitment and transmigration. 
Imaging showed neutrophils penetrating the intact endothelial barrier, migrating along the 
PDMS membrane in search of a pore and finally reaching the basal side. In this work, the 
pore size was large enough to allow neutrophil transmigration, however, the effect of 
porosity on the efficiency of the process was not evaluated.10

A large portion of microfluidic based devices are directed to the study of cancer models.44 

The mechanism of cancer metastasis includes extravasation and intravasation of cells, which 
are examples of transmigration studies. In order to design a physiologically relevant model 
to study diseases such as cancer, it is important to consider that endothelial cells, platelets, 
leukocytes, and signaling molecules have an effect on cancer cells throughout their 
metastatic process.45

Establishing a high-quality tissue barrier is the first step toward physiological recapitulation 
of tissue behavior, dictated in part by the selection of membranes with proper pore sizes. For 
instance, it has been shown that endothelial cells can migrate across 3 and 10 μm pores to 
form a second layer on the lower side of the membrane, disrupting the maintenance of a 
distinct cell monolayer desired for the studies of blood-brian-barrier46 and macular 
degeneration.11 Some investigators address this issue by starting with a dry-bottom culture 
or by using membranes with smaller pore size (0.4 μm) in their culture setup.46,47

The role of tight junctions in metastasis has gained increased attention due to the fact that 
they represent the first physical barrier imposing the intra/extravasation of cancer cells.48 

Human umbilical vein endothelial cells (HUVECs) have been shown to develop tight 
junctions faster when cultured on SiO2 membranes with 0.5 μm pores compared to non-
porous membranes. This phenomenon might be due to reduced cell-substrate interactions 
stemming from the discontinuous nature of the membrane surface. Moreover, the 
geometrical layout or placement of pores has also been shown to affect cell alignment of 
HUVECs in single culture and in co-culture with mesenchymal stem cells (MSCs)49,50. Cell 
morphology has also been found to be affected with the concomitant effect over tight 
junctions and the quality of the tissue barrier.34

2.2 Pore sizes enabling physical contact

Another function of porous membranes is to enable the physical contact between two cell 
populations growing on either side of the membrane to allow juxtacrine signaling. 
Establishing cell-cell communication is important in recapitulating the in vivo character of 
tissue such as the blood-brain barrier (BBB), where astrocytes send endfeet processes along 
the brain microvesicles. Mimicking this attribute of the BBB greatly depends on the porous 
characteristics of the membrane used. The pore diameter as well as membrane thickness 
should accommodate the physiological dimensions of the endfeet processes, and the pore 
density should also allow for the regular occurrence of physical contacts. Endfeet processes 
from human astrocytes were evidenced to project through 420 nm pores of a silicon nitride 
membrane 500 nm thick, while limiting astrocytes bodies to one side of the membrane.51 

More recently, processes from podocytes have also been shown to extend through a PDMS 
membrane with a thickness of 10 μm and 7 μm pores in a kidney glomerulus model, 
although this separation distance is not typically considered physiological.23
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Because endfeet processes are characteristic of a small set of cell types, other cell 
populations are required to produce long protrusions in order to make physical contact 
across a membrane. This has been evidenced between NIH 3T3 and endothelial cells 
cultured on a 1.2 μm thick parylene membrane exhibiting 0.9 μm pores.52 However, ultrathin 
membranes greatly increase the feasibility of physical contact among cells lacking foot 
processes such as between adipose derived stem cells (ADSCs) and HUVECs which have 
been shown to communicate through gap junctions when grown on opposite sides of a 300 
nm thick SiO2 membrane.32

2.3 Pores sizes enabling paracrine signaling

Intercellular signaling is a key component of biological responses such as inflammation 
where two adjacent cell types simultaneously respond to an external cue. This is often 
studied in BBB models where the presence of an intact endothelium is essential since it has 
been shown that this response is absent otherwise.53 The need for careful selection of pore 
size has been stated before to prevent undesired transmigration.54,55 The latter enables the 
study of metabolic contact of cells in co-culture, this attribute is particularly important for 
the study of diseases such as amyotrophic lateral sclerosis (ALS) which is believed to 
originate from metabolic communication between neuron and astrocytes.56

Nanoscale control over pore diameter offers the advantage of modulating cell 
communication routes while maintaining and even improving permeability when 
incorporated within ultrathin membranes. The ability to selectively control cross-talk 
between two cell populations is of particular interest for elucidating the functionality of 
microvesicles, exosomes, and small signaling molecules. Exosomes have attracted an 
increasing amount of attention since they may play a crucial role in how healthy and 
cancerous cells communicate and affect each other; furthermore, they are thought to 
represent a feasible means of diagnosis and therapy.57–59

Continuous progress has been made over the last decades through the development and 
improvement of new technologies aimed to advance cell biology. Currently, this 
multidisciplinary field is experiencing a transition from development into validation of 
physiologically relevant devices for which membrane attributes will be the spotlight. In the 
coming years, the continuous evolution of biology into a multidisciplinary arena will 
incorporate sophisticated nanofabrication techniques enabling close nanoscale control and 
selection over the porous characteristics of cell culture membranes. This will facilitate the 
study of more complex cellular processes without compromising the simplicity of the widely 
used tissue chip model.

3 Mechanical properties

Mechanical stimuli such as strain, stiffness, and fluidic shear stress can be essential to the 
organization and function of organs such as the bone, vasculature, gut, and lung. Strain 
modulates activities of the osteoblast and the osteoclast in the formation and the desorption 
of bone to adapt the skeleton against external impact.60–62 Stem cells can differentiate into 
either bone or fat cells depending on the stiffness of the culture substrate.63 When cultured 
under fluid flow, vascular endothelial cells align in the direction of the flow and form tighter 

Chung et al. Page 5

Lab Chip. Author manuscript; available in PMC 2019 June 12.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



cell-cell barriers to prevent fluidic leakage.6,64,65 While shear stress can be added to an 
organ-on-a-chip through the use of flow pumps, the attainment of physiological strain and 
stiffness often relies on the mechanical properties of the membrane materials.

3.1 Substrate stiffness

Depending on the tissue, the elastic modulus (E) varies from 1.0 kPa in fat, 0.3–0.8 MPa in 
vasculature, 1–20 MPa in skin, 10–40 MPa in cartilage, 50–100 MPa in tendon and 
ligament, to ~20 GPa in bone.66–75 While not ideal for the mechanical mimicking of soft 
tissues, track-etched membranes (E~1.9–2.9 GPa) have been widely used for the modeling 
of blood vasculature and the BBB because of their commercial availability.76,77 In recent 
years, the porous PDMS membrane has gained attention in the organ-on-a-chip community 
for its lower stiffness and the ability to emulate the cyclic stretching seen in the lung and the 
intestine.6,7,10 At a curing agent to base ratio of 1:10, the commonly used PDMS 
formulation (Sylgard 184) has an elastic modulus of ~1.3 MPa, which allows a closer mimic 
of some soft tissues.25–27 The elastic modulus can be further lowered toward the level of the 
vasculature and the fat by reducing the ratio of curing agent to base, the duration and the 
temperature of curing, or by using a softer formulation such as the Sylgard 527.27 The ease 
of handling and manufacturing, however, becomes challenging, as the soft membranes tend 
to tear during the pulling involved for the release of the PDMS membrane from the mold. It 
is important to note that the apparent stiffness of the membrane is influenced by the 
membrane porosity, which has been demonstrated empirically to closely follow the power-
law relationship

Eapp = E
0

1 −
p

pc

f

(1)

where Eapp is the apparent elastic modulus of the membrane with the porosity p, E0 is the 
intrinsic elastic modulus of the solid material, pc is the porosity at which Eapp becomes zero, 
and f is the parameter that accounts for the variation of grain morphology and the pore 
geometry of the membrane.78,79 A simple 1st order approximation for Eapp can be obtained 
by assuming pc = 1 and f = 1, which yields

Eapp ≈ 1 − p E
0

(2)

It is also important to note that the microarchitecture and the organization of adhesion 
molecules on the membrane substrate can influence the cytoskeletal tension landscape, 
which mechanotransduce cell differentiation in ways similar to stiffness.80–83 For instance, 
numerous small pores on a stiff substrate can promote cell phenotypes similar to those seen 
on a much softer substrate.49 Similarly, by decreasing the polymer length of the substrate 
while maintaining the same stiffness, stem cells can undergo differentiation toward the fat 
cell lineage.81
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3.2 Substrate strain

The use of porous PDMS membranes has been reported for different organ-on-a-chip 
applications (Table 2), but the most successful demonstration came from its use in a lung-
on-a-chip (Fig. 3).6,7,10,11,13,23 The cyclic stretching of the PDMS membrane has been 
shown to increase the inflammatory response of the alveolar epithelial cells to the presence 
of silica nanoparticles, along with a higher rate of nanoparticle translocation from the 
alveolar space to the capillary.10 Furthermore, this higher rate of nanoparticle translocation 
was reduced by subduing the inflammation with a free radical scavenger. These observations 
were later confirmed in the same study with a mouse model, which showed increased 
translocation of the nanoparticles from the lung into the surrounding vasculature with cyclic 
breathing. The lung-on-a-chip study thus provided an excellent example where an in vitro 
system recapitulated a key in vivo phenomenon. Furthermore, it appears that strain (in 
vivo/on-chip = 5–25%/10%), rather than stiffness (in vivo/on-chip = 1 kPa/1.3 MPa), is the 
key mechanical determinant for a good nanoparticle toxicity model in the lung.67

Cyclic stretching has also been shown to promote the phenotypes of intestinal (Caco2) and 
kidney (ihPSC-derived podocyte) epithelial cells closer to those seen in vivo, such the 
increased cell height, microvillus formation, and digestive activity of the Caco2 cells and the 
increased formation of foot processes, VEGF-A secretion, and cytoplasmic nephrin 
expression of the ihPSC-derived podocytes.6,7,13,23 However, the benefit of cyclic stretching 
on the promotion of physiological phenotypes is not always obvious. For instance, similar 
promotion of physiological phenotypes can often be attained through shear stress alone, and 
it is unclear if the further promotion gained through the addition of cyclic stretching is an 
indirect consequence of the higher shear stress that may have occurred as the flow channel 
height decreased during the lateral stretching of the membrane.6 In the case where cyclic 
stretching is warranted, such as the study of nanoparticle toxicity in the lung, different types 
of membrane materials could be explored to address the shortcomings of the PDMS, such as 
fragility and the tendency to absorb hydrophobic drug moieties.28

4 Surface properties

In the search for physiologically relevant substrates and scaffolds to meet the needs of cell 
culture and tissue engineering, tailoring of the surface properties has also been explored. 
Topography and roughness of non-porous substrates has been extensively studied and 
correlated to cellular response, as previously published.5,28 Cell populations in culture 
continuously sense and respond to physical and chemical cues derived from the surface 
properties of the supporting substrate. Chemical properties include presence of functional 
groups to enhance cell adhesion as well as phase changing molecules to control adhesion/
detachment. Physical properties include all topographical features present at the surface such 
as ridges and wells. Pores are considered a physical property of the bulk rather than the 
surface.

4.1 Surface chemistry

Functionalization of cell culture substrates, including membranes, with extracellular matrix 
derivatives is by far the most widely implemented chemical modification for mono and co-
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culture of a wide range of cell types.84–87 In addition to enhanced adhesion, these chemical 
modifications have shown to promote spatially ordered myogenesis in mono culture84 and 
improve neurons phenotype when dorsal root ganglion (DRG) neurons where co-cultured 
with differentiated adipose stem cells (dASCs) on a poly-ε-caprolactone (PCL) film 
functionalized with RGD moieties.87 Thermoresponsive materials such as poly(N-
isopropylacrylamide) (pNIPAM) exhibit a transition from a hydrophobic to a hydrophilic 
state following a temperature drop, typically from 37 to 20 °C. This surface property has 
been applied for the controllable detachment of bovine carotid artery endothelial cells 
(BAECs) grown to form confluent layers.88 This straightforward process is of special 
interest for tissue engineering and has been performed in mono culture models by surface 
functionalization or through the implementation of electrospun pNIPAM.89

4.2 Surface roughness and topography

The simplest physical modification corresponds to the surface roughness which has shown 
to promote cell adhesion due to increased surface area.90 Increased roughness has also been 
linked to improved differentiation of osteoblasts.91

Introduction of larger features is another approach for controlled cell growth. Uniaxial 
thermal stretching was utilized to produce ridges on a PCL porous film to be used on tissue 
grafts for vascular development. The presence of these features improved the alignment 
efficiency of mesenchymal stem cells during mono and co-culture with endothelial cells 
(Fig. 4).50 The presence of ridges are also utilized in cardiac tissue models since their 
presence enhances the orientation of cardiomyocytes.92,93 Nerve guidance is a task often 
accomplished through topographical features, mainly wells or conduits as in the case of a 
poly-(lactic- co-glycolic acid) (PLGA) micro/nanostructured membrane which enhanced the 
migration of nerve cells in the direction of the conduit pattern.94

Recapitulating the villi of the gastrointestinal tract epithelium remains a task of great interest 
for drug screening and overall understanding of nutrient absorption and microbiome. One of 
the approaches taken is the use of a polymeric membrane draped over silicon pillars.95 More 
recently, the addition of collagen microscale features on a membrane to mimic the overall 
architecture of the crypt-villus was able to yield a polarized tissue barrier after providing a 
biochemical gradient.96

Physical phase change is a transition that has also been harvested most commonly through 
the use of shape memory polymers. These substrates can change their overall shape by 
folding, twisting, or recovering a pre-established shape97 or change the orientation of 
nanotopographic features at the surface. The latter was applied as a model for coordinated 
extracellular matrix reorganization and its effect on primary cardiac muscle cells.98 

Although promising, these physical phase transition materials have not been used as a 
membrane for cell culture.

Confined cell growth within microwells is another approach often used in stem cell 
differentiation protocol, although almost exclusively applied for mono culture models on 
non-porous substrates.99,100 Other topographical features applied on non-porous substrates 
include the presence of microposts.101,102 Overall, chemical and physical modifications of 
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substrates and their effect on cell behavior are well studied and documented for mono 
culture on non-porous substrates. Conversely, limited research has been done on membrane-
based models harnessing surface properties and provides an opportunity for the tissue chip 
community.

5 Transparency and thinness

A number of additional membrane attributes are beneficial to tissue-on-a-chip and co-culture 
applications, such as the optical transparency for imaging and thickness that approximate to 
nanoscale physiological separation of cells.

5.1 Optically transparent membranes

As increasing efforts are made toward the automation of high-throughput cell profiling via 
microscopy, the optical transparency of the membrane becomes critical.15,16 Bright-field 
imaging enables the noninvasive monitoring of cells throughout the progression of the co-
culture, while fluorescence imaging allows the identification of key biomarkers within and 
on the surface of the cells. Track-etched membranes allow sufficient transmission of light for 
fluorescence imaging of cells on either side of the membrane with some background signal, 
but tend to yield low quality bright-field imaging. This is likely due to a high degree of light 
scattering caused by pores that bored through the membrane material at different angles 
(Fig. 6A). While the silicon nitride (SiN), silicon dioxide (SiO2) and PDMS membrane all 
offered excellent transmission of visible light, good bright-field imaging may still be 
difficult to obtain for pore size in the micron range due to light scattering (Fig. 6B). When 
imaging at the membrane, the scattering of light from the pores often results in varying 
degree of blurring depending on the pore spacing. The image quality is even lower when 
imaging at different focal planes, since the out-of-focus pores blur the images. However, in 
transparent materials such as SiO2, these undesired optical effects become negligible for 
pores in the nanometer range (Fig. 6C).

5.2 Ultrathin membranes

For cells that are in direct contact with one another, such as the astrocytes and endothelial 
cells in blood brain barrier, the ideal membrane would be one that is as thin as possible. In 
addition to a better mimic of physiological separation, the thinner membranes also enable 
higher diffusive and hydraulic permeability and lower background TEER.20,21,104 For 
instance, a reduction of the membrane thickness from the micron to the nanometer range 
would result in a three order of magnitude increase in both diffusive and hydraulic 
permeability. Well-known examples of the enhanced permeability can be found in the 
graphene oxide (GO) membranes and the ultrathin silicon-based membranes, which have 
thicknesses in the molecular (Å) and nanometer range (Table 3).105–112 While many of these 
thin membranes have been used in the small-scale operations of molecular separation, there 
are very few in cell culture applications.21,30,32,49,51,52,55,113,114 This is due in part to the 
difficulty in the manufacturing and the handling of the thin membranes during device 
assembly and long-term cell culture. Consequently, ultrathin membranes are often reinforced 
with another membrane or microfabricated structure to increase their mechanical strength.
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21,31,108–112 Fabrication methods for ultrathin membranes with nearly 1:1 aspect ratios of 
thickness to pore diameter can be found in our recent critical review on this topic.35

6 Permeability and transport

The permeability of a tissue barrier to solute diffusion, fluid flow, and the flow of electric 
current are commonly characterized to guide the design and the performance evaluation of a 
tissue barrier and co-culture model. Depending on the membranes used, the apparent 
permeability seen in a tissue barrier or a co-culture model can vary substantially (Table 5). 
Solute permeability is an indicator of tissue barrier tightness and the rate of active transport 
performed by the cells. It is commonly reported in the studies of drug transport across the 
blood brain barrier115 and the selective filtration of toxins in a kidney-on-a-chip.6,23,116,117 

A close matching of solute permeability to known in vivo values is often an indication of a 
successful reconstitution of tissue functions in vitro. The fluid permeability of a tissue 
barrier is an indicator of mature barrier formation. The more established tissue barrier has 
more tight junctions and smaller interstitial space between cells, which results in a lower 
permeability to fluid flow. Trans epi/endothelial electrical resistance (TEER) is a technique 
that allows quick assessment of the fluid permeability based on electrical resistance. TEER 
is commonly performed to ensure the formation of mature barrier prior to the study of drug 
transport.118 In the following section, we discuss the impact of membranes on the apparent 
permeability measured on a tissue barrier or a co-culture model. The analytical framework 
presented not only allows a first order estimate of membrane permeability but also readily 
extends to guiding the design of a tissue barrier or co-culture model.

The permeability of the membrane to solute diffusion and fluid flow can be determined with 
an electrical circuit analogy, in which the pores are represented as resistors connected in 
series and parallel. The governing equation describing the flow of electric current is the 
well-known Ohm’s law:

ΔV = IR (3)

where ΔV is the voltage difference that drives the current flow and I is the electric current.

For solute diffusion and fluid flow, the analogous governing equations are the Fick’s Law 
and the Hagen-Poiseuille Law:

ΔC = JR (4)

ΔP flow = QR (5)

where ΔC is the spatial variation of solute concentration, J is the solute flux, ΔPflow is the 
hydrodynamic pressure difference that drives the fluid flow, and Q is the rate of the fluid 
flow. Resistance is largely a function of geometry, in which a volume element with a small 
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cross sectional area or a long length yields a high resistance. Since the dependence of 
resistance on the common geometries have been well characterized (Table 4), if the driving 
forces (ΔV, ΔC, ΔPflow) behind the transport is known, the rates of transport can be 
determined, and vice versa. The permeability, P, is defined to be the reciprocal of resistance, 
and the two terms will be used interchangeable throughout the ensuing discussions.

6.1 Trans epi/endothelial electrical resistance

Trans epi/endothelial electrical resistance (TEER) is often performed as a non-invasive first 
check to ensure the mature formation of a tissue barrier prior to the measure of solute 
permeability. A known electric current (I) is applied through the tissue barrier, and the 
associated voltage drop (ΔV) is measured to determine the electrical resistance of the tissue 
barrier. Since physiological buffers are good conductors of electricity, the path of fluid flow 
through a tissue barrier often the direct path of the electric current, and the electrical 
resistance measured should be somewhat proportional to the fluidic resistance of the tissue 
barrier. For the membrane system with the electrodes placed directly above and below the 
tissue barrier, the flow of electric current is normal to the tissue barrier, and all resistive 
elements in the system are connected in series (Fig. 8). In this case, the TEER value can be 
obtained simply by multiplying the difference of the system resistance with and without the 
tissue barrier by the area of the tissue barrier:

TEER = Rtotal − Ro AM (6)

where Rtotal is the total resistance measured and R0 is the baseline resistance of only the 
membrane insert system, without any tissue barrier. Since TEER is defined as the intrinsic 
electrical resistance of the tissue barrier, we will need to multiply the apparent difference 
Rtotal – R0 by the area of the tissues barrier (AM, which is also the membrane area) to 
account for the fact that larger area with the same intrinsic electrical resistance will yield 
lower apparent resistance during measurement.

In most tissue barrier models, however, it is not possible to position the electrodes of the 
same shape and size as the tissue barrier directly above and below (Fig. 8b&c and Fig. 9a). 
Consequently, not all electric currents conduct through the tissue barrier with the same path 
length or uniformity throughout, and TEER value calculated using eqn (6) tends to produce 
artifactually high value of TEER (Fig. 9b&c). In the case of current flow through a 
constriction (Fig. 8c), the longer flow path associated with the current redirection results in a 
higher baseline resistance. In the case in which the current generating electrodes are placed 
at the opposite ends along the membrane length (Fig. 9), most current conducts through only 
small pockets of the membrane (primarily at the two opposite ends), which also results in a 
higher baseline resistance. Thus similar tissue barriers can yield different TEER values 
depending on the configuration of electrodes and the geometry of the supporting membrane. 
A detailed treatise on how to correct this artifact is given by Odijk et al.104 and Khire et al.
113 The former offered an elegant analytical approach using cable theory, while the latter 
enabled an accurate correction using finite element modeling. Briefly described, a geometry-
specific model is constructed either analytically or through a finite elements, and the true 
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TEER of the tissue barrier is one that produces the same apparent resistance measured from 
the actual device.

6.2 Solute permeability

One primary function of a tissue barrier is to create distinct microenvironments through the 
selective transport of key biomolecules. The attainment of in vivo solute permeability for 
these biomolecules is often a validation of a successful reconstitution of barrier function. 
The framework of solute permeability measure is nicely presented in the review of Wong et 
al.116 Briefly described here, solute permeability is determined by loading the solute of 
interest at a known concentration (Cin) into the input compartment and measuring the 
increase of solute concentration (Cout) in the output compartment over time (t). The flux of 
solutes from the input to the output compartment is given by

J =
dN

dt
= cinkin − coutkout (7)

where J is the solute flux, which typically take on the unit of mol/s, N is the number of 
solutes, t is time, and kin and kout are the rate of solute transport into and out of the other 
compartment, respectively. In the absence of active cell involvement, the cross-
compartmental transport is purely diffusive. Since diffusion is a random process, the solute 
has equal likelihood to move into and out of the output compartment, and kin = kout = PA, 
where P and A are the solute permeability and the area of the tissue barrier that separates the 
two compartments, respectively.

Thus, eqn (7) can be expressed as

J =
dN

dt
= PA cin − cout (8)

Rewriting cout as Nout/V, where V is the volume of the output compartment, integration of 
eqn (8) yields

cout = cin 1 − e
−

PA

V
t

(9)

For a short time scale, such that PAt ≫ V, eqn (9) can be approximated by its linearization, 
yielding
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cout = cin

PA

V
t (10)

For a tissue barrier formed on a membrane, P is the combination of the diffusive 
permeability of the tissue barrier (Ptb) and the membrane (Pm) to a given solute, much like 
resistors connected in series. Since permeability is the reciprocal of resistance, we have

R = Rtb + Rm or
1

P
=

1

Ptb

+
1

Pm

(11)

Note that for a membrane of known porosity and pore size, Pm can be obtained based on the 
resistances described in Table 4. The solute permeability of the tissue barrier can be thus 
estimated from eqn (11). An example of the estimate for Pm is given in Box 1.

Box 1

Estimating the diffusive permeability of different membranes

To illustrate the difference of solute permeability due to membrane thickness, we 
examine the diffusion of 10 nm solutes through membrane A and B. A is an ultrathin 
SiO2 membrane (0.04 cm2 area; 300 nm thickness; 500 nm pore diameter; 23% porosity). 
B is a polycarbonate track-etched membrane for the 96-well plate membrane insert from 
Corning (0.143 cm2 area; 10 μm thickness; 400 nm average pore diameter; 1.0 × 108 

pore/cm2 pore density). A circuit representation of the membrane is given in Fig. B1 
below:

Fig. B1. 

Membrane as a network of resistors.
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Rd and Rp are the resistance due to pore discovery and passage through the pore, 
respectively. N is the total number of pores, and Rm is the equivalent resistance for the 
entire membrane.

Base on Stokes-Einstein Equation, the diffusion coefficient of a 10 nm solute is ~ 5 × 
10−7 cm2/s. Applying Table 4, we have Rd,A = 1.0 × 1010 s/cm3 and Rp,A = 6.0 × 109 

s/cm3 for the ultrathin SiO2 membrane, and Rd,B = 1.25 × 1010 s/cm3 and Rp,B = 3.125 × 
1011 s/cm3 for the polycarbonate track-etched membrane. Note that for the ultrathin SiO2 

membrane, the resistance due to pore discovery is actually greater than the resistance 
through the pore. This is not unexpected since it is more likely for a randomly diffusing 
solute to cross the 300 nm distance through the pore than to vacillate about the 500 μm 
pore opening.

Since the membrane resistance (Rm) is equivalent to the sum of the N parallel resistors, 
Rm = (Rd + Rp)/N. The ultrathin SiO2 membrane with a 0.04 cm2 area and a 23% 
porosity contain ~ 4.7× 106 of the 0.5 μm pore, and Rm,A ≈ 3.41 × 103 s/cm3. The 
polycarbonate track-etched membrane with a 0.143 cm2 area and a pore density of 1.0 × 
108 pore/cm2 contains ~ 1.4× 107 pores, and Rm,B ≈ 2.3 × 104 s/cm3. Despite having a 
smaller area, the ultrathin SiO2 membrane actually permits more diffusive transport 
between compartments than the larger track-etched membrane. The publication of 
VanDersarl et al. offered another example of permeability estimate using electric circuit 
analogy.20 A more rigorous treatment on the diffusive permeability of thin membranes 
can be found in the work of Snyder et al.134

6.3 Fluid permeability

An increase of tissue barrier permeability and interstitial flow is often associated with 
inflammation and has even been implicated in cancer progression.122–125 The generally 
leakiness of a tissue barrier to fluid flow can be estimated quickly through TEER or the 
solute permeability of tracer molecules such as fluorescent dextran. For specific applications 
such as the tangential flow filtration and the culture of shear sensitive cells, however, an 
understanding of the exact direction and the magnitude of flow is critical to the optimization 
of system performance. Fig. 10 below illustrates a shear-free chemotaxis system in which a 
membrane is used to buffer the influx of fluid flow used to deliver a soluble gradient to 
direct the migration of cultured cells.

The distribution of flow rate through such a system is similar to the one given in Fig. 11. 
Briefly described, as flow passes over a pore, a portion of the flow diverts through the pore. 
The magnitude of this diversion is proportional to the pressure drop through the pore 
normalized with respect to the pressure drop across the pore opening (eqn (15)). Thus the 
higher the pore resistance, the lower the seepage of flow from the input to the output 
compartment. The analytical solution, organized in an intuitive form, is given by
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qt(n) = Q
Rt

Rt + Rb

ω(n) +
Rb

Rt + Rb

(12)

qb(n) = Q
Rt

Rt + Rb

[1 − ω(n)] (13)

qp(n) = qt(n) − qt(n − 1) (14)

where qp(n) is the flow through the nth pore, qt(n) and qb(n) are the flow through the nth 

section of the top and the bottom compartment, respectively, and Rt and Rb are the 
associated resistances (eqn (12)). The term ω(n) describes the crosstalk of flow between 
compartments, and is largely a function of the pore resistance Rp:

ω(n) =
e

βn

e
β

+ e
βN

+
e

−βn

e
−β

+ e
−βN

, where β = cosh
−1 1

2Rp

and Rp =
Rp

2Rp + Rt + Rb

(15)

Rt, Rb, and Rp can be estimated from Table 4. Given a sufficiently long flow path, ω(n) 
reduces to zero, and an equilibrium is reached in which the input flow (Q) is fully 
redistributed between the top and the bottom compartment in accordance to the resistance of 
the compartments, and there are no more flow through the pores. Note that membrane 
porosity is accounted for indirectly in this analytical solution — as porosity decreases, the 
center-to-center distance between pores (Lp-p) increases. This translates to a longer length 
terms in the calculation of Rt and Rb, and thus a larger resistance over the pore opening. If 
we assume a hexagonal packing arrangement of pores, Lp-p can be calculated from the 
porosity (p) by

Lp − p =
πr

2

sin (60) · p
(16)

Depictions of the flow distributions under different boundary conditions are given in Fig. 13. 
Note that through the use of symmetry, the analytical solution given by eqns (12–14) can be 
generalized to solve the distribution of flow rates for different boundary conditions seen in 
more complex fluidic system.126,127 An example is given in Box 2. Detailed derivation of 
the closed form solution (eqns (12–14)) is given in the work of Chung et al.21 We calculated 
the permeability of the different membranes mentioned in Table 5, using the methodology 
outlined in this section.
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Box 2

Predicting the flow distribution in a shear-free chemotaxis device

Since human umbilical vein endothelial cells (HUVECs) are known to align in the 
direction of flow, Shamloo et al. created their chemotaxis device to study HUVEC 
polarization with flow minimization in consideration (Fig. B2a). The flow of vascular 
endothelial growth factor (VEGF) and pure media generate a steady and linear 
chemoattractant gradient across the cell culture chamber where the endothelial cells are 
hosted. Two arrays of microcapillaries shield the cell culture chamber from the source 
and the sink channel flow.

Fig. B2. Shear-free chemotaxis device by for Shamloo et al126

(a) Device schematic, annotated with dimensions. Note that the microcapillaries (5 μm in 

width, repeated every 15 μm) are not drawn to scale. (b) A cross sectional view of the 

device on the y-z plane, with the channel heights specified. (c) Hypothetical flow 
distribution predicted by applying the principle of symmetry to the flow scenario 

depicted in Fig. B2b. (d) COMSOL simulation of the flow distribution by Shamloo et al.

By applying the principle of symmetry, the flow distribution of the entire system can be 
predicted. Each “quadrant” of the shear-free chemotaxis device (Fig. B2c) will have the 
same flow distribution as depicted in Fig. 13A. The maximum flow rate observed in the 
cell culture chamber can be estimated from the maximum flow in each quadrant through 
eqn (13).

7 Challenges and future directions

Considerable interest has been shown towards developing membrane-based tissue barrier 
and co-culture models. While the advantages of such devices are numerous, increased 
attention and demands on the properties of the selected membranes will likely uncover 
challenges in fabrication, handling, and implementation.
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The current repertoire of commercially available membranes is limited, mainly led by thick 
polymeric membranes with random placement of pores and unsuitable optical properties. 
Several research groups have taken on the challenge of fabricating membranes in their 
laboratories by designing innovative fabrication processes to meet the demand of membrane-
based research while still providing affordable technology. Some of these methods include 
self-assembling polymers,128,129 nanosphere lithography,130,131 anodization,132 

nanoimprint,133 solid phase crystallization,106 and carbon based methodologies.38 Two main 
fabrication challenges can be identified, nanoscale control over pore size and mechanical 
stability of the produced free-standing membranes. Nevertheless, affordable patterning of 
nanoscale features over a large area is not a trivial task and current processes often yield a 
significant concentration of defects. Mechanical stability is a property dependent on the 
particular materials and processing involved, hence the need for membrane-specific 
optimization. Moreover, membrane handling is critical for successful integration into cell 
culture devices, particularly for ultrathin membranes. These fabrication challenges remain 
the subject of intense research and development.

Overcoming these challenges will enable carefully designed membranes to meet the needs of 
a specific organ or tissue, successfully recapitulating the relevant phenotype.5 The improved 
tissue-on-chips and co-culture systems will facilitate stem cell research, personalized 
medicine, as well as discovery and screening of new drugs.
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Fig. 1. 

Membrane considerations improve the physiological relevance and experimental control of 
tissue barrier and co-culture models to recapitulate the microenvironment and functionality 
of a target organ or tissue.
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Fig. 2. 

Biologically relevant pore sizes in the micro and nano scale to modulate transmembrane 
transit of cells, vesicles, and proteins.
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Fig. 3. 

Elastomeric membranes allowing cyclic stretching have shown to elicit improved 
physiological response of alveolar cells to bacteria, inflammatory cytokines, and 
nanoparticles.10
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Fig. 4. 

Chemical and topographical features are often incorporated to promote cell adhesion and 
alignment, including the development aligned vascular endothelial barrier models.50
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Fig. 5. 

Ultrathin membranes bring astrocytes and endothelial cells in closer contact to better 
represent the blood brain barrier. Moreover, ultrathin membranes offer high permeability and 
are optically transparent.103
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Fig. 6. Quality of bright field imaging with the different membranes

Representative image of endothelial cells on the track-etched membrane with 3.0 μm pore 
size (a),32PDMS membrane with 7.0 μm pore size (b), 23 and SiO2 membrane with 500 nm 
pore size (c).32
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Fig. 7. 

Fluid transport and permeability across a tissue barrier can be represented as an electrical 
circuit including resistors in a serial and parallel arrangement.
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Fig. 8. Examples of electrode placement and geometry affecting TEER measurement

(a) Example of an ideal TEER measurement configuration in a membrane-insert system 
(adapted from the illustration of Odijk et al.104). The electrodes that generate the current are 
of the same size and shape as the tissue barrier, and placed directly above and below. The 

yellow arrows indicate the paths of electric currents through the tissue barrier. (b) and (c) are 
the simulated paths of electric currents in the EndOhm system for transwell inserts with a 
large sheet of membranes (denoted by the dashed line) and with 2 narrow slits of 
membranes, respectively. The ‘squeezing’ of currents through the two slits leads to an 
increase in the path length of current flow, culminating in a 10–12X higher baseline 
resistance.
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Fig. 9. Comparison of the apparent versus actual TEER in the barrier model of of Odijk et al104

(a) The distribution of current along the membrane length. Top, artistic rendition of current 
flow through the membrane. Bottom, the distribution of current flow obtained using an 
electric circuit analogy. Most currents distribute through the membrane at the beginning and 
the end of the channel. Since only part of the membranes are conducting currents, the 

associated voltage drop will be larger, yielding a larger TEER value. (b) Comparison of the 
actual versus the apparent TEER value. A TEER value is assigned and the apparent TEER 

value measured on the gut-on-a-chip can be estimated using an electric circuit analogy. (c) 

Comparison of the corrected TEER value from the gut-on-a-chip versus the TEER value 
measured from the membrane-insert system, using the same cell line. Based on the 
correction chart in b, the apparent TEER value measured on the gut-on-a-chip can be 
corrected to the true TEER value. This correction produced a TEER value that is comparable 
to the one obtained from the membrane-insert system.
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Fig. 10. The shear-free chemotaxis system of VanDerSarl et al20

(a) A side view of the system, showing the delivery of soluble signal. (b) An end-on view of 
the system, showing the soluble gradient.
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Fig. 11. Distribution of flow rates in a membrane-based chemotaxis system by Chung et al21

(a) A representative COMSOL simulation for the distribution of flow rates throughout the 
system. The arrows indicate the directions of flow and the size of the arrows represents the 
magnitude of flow rate (not drawn to scale). The heat map to the far right provides a 
reference of the flow rate magnitude, with the red and blue denoting the normalized 

maximum and minimum, respectively. (b) Given a system with sufficiently long membrane 
span, the flow rate in the bottom compartment reaches a plateau value that is independent of 
the membrane. For a system with a short membrane span, this plateau value is never 
reached. Past the mid-point of the membrane span, all the flow in the bottom compartment 
must return to the top in order for mass conservation to hold.
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Fig. 12. Analytical model of flow distribution

(a) A simplification of the 3D flow through a 2D cross section. (b) Circuit representation of 
the different flow paths, where n indexes each repeating section of the ladder network of 

resistors, and N is the total number of repeats. (c) A unit section of the circuit used to index 
the different flow rates (q) in the ladder network. The subscript p, t and b denote the pore 
and the top and bottom compartment, respectively.
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Fig. 13. Flow distribution for the different boundary conditions of tangential flow

The red arrows and outlines denote the input flows and the no slip boundary conditions, 
respectively. The white arrows denote the direction of flow, with the size indicating the 
magnitude (not drawn to scale). The magnitude of flow rate is also indicated by the color 
(red = maximum, blue = minimum). The membrane separating the top and bottom 
compartment is represented by the orange dashed line. For the convenience of 
demonstration, the top and bottom compartment have identical dimensions, and 

consequently, identical resistances. (a) COMSOL simulation of the flow described in Fig. 

11. (b) Similar flow scenario to A, but with the inlet placed at the bottom compartment. 
Note that the flow distribution in B can be obtained by replacing the latter half of the system 

with a mirror image of A with respect to the horizontal axis. (c) Similar flow scenario to A, 
but with a much longer channel span such that the equilibrium of flow between the top and 
bottom compartment is already attained. The ω term in eqn (15) predicts the onset this 

equilibrium. The solutions to the flow distribution in case (d) and case (e) can be obtained 

by first solving case C. (f) The counter-flow seen in hemodialysis, in which two tangential 

flows of opposite directions are applied on either side of the membrane. (g) Inlet and outlet 
at the same side of the top and the bottom compartment, and walls everywhere else. Again, 
by the principle of symmetry, the flow distribution can be predicted from the first half of f.
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Table 1

Summary of studies using membranes in tissue barrier and co-culture models where pore size was a critical 
parameter. PC (polycarbonate), PCL (poly(ε-caprolactone)), PDMS (polydimethylsiloxane), PE (polyester), 
SiN (Silicon nitride), SiO2 (silicon dioxide)

Material Commercially available? Membrane attributes Cell or tissue type Goal of the study

Parylene No – Lithography 0.8 – 4.0 µm pores, 1 μm thick Fibroblast co- culture Fabrication of thin 
membranes allowing 
physical contact52

PC Yes – Corning transwell insert 0.4 and 3.0 µm pores, 10 μm 
thick

Blood brain barrier Cancer cell 
transendothelial 
migration46

PC Yes – Track etched - Sterlitech 
Corp

8 µm pores, 7 μm thick most 
likely

Neurovasculature Recapitulation of 
neurovascular 
functions

PC Yes – Cut from transwell 0.4 µm pores, 10 μm thick Blood brain barrier Microfluidic in vitro 
model54

PCL No – Uniaxial stretch + Laser 
perforation

10 µm pores, 38 μm thick Endothelium MSCs/HUVECs co- 
culture

Biomimicking of 
endothelial basement 
membrane50

PDMS No – Custom casting 10 µm pores, 10 μm thick Alveolar epithelium- endothelium Reconstitution of lung 
function10

PDMS No – Custom casting 10 µm pores, 6.5 μm thick Ocular fundus Investigation of 
choroidal 
angiogenesis11

PDMS No – Custom casting 7 µm pores, 50 μm thick Kidney glomerulus Recapitulation of 
glomerular filtration23

PE Yes – Corning transwell insert 0.4 µm pores, 10 μm thick 
most likely

Microvascular endothelium Modelling the 
adhesion of metastatic 
breast cancer47

Pnc-Si No – Rapid phase transition 0.003 – 0.08 µm pores, 0.015 
μm thick

Vascular Endothelium Investigate feasibility 
of nanomembrane-
supported endothelial 
barrier model30

SiN No – Lithography 0.27 – 0.7 µm pores, 1 μm 
thick

Blood brain barrier Allowance of physical 
contact to improve 
tissue barrier51

SiO2 No – Lithography 0.5 – 3.0 µm pores, 0.3 μm 
thick

HUVEC/ADSC co- culture Fabrication of 
ultrathin membranes 
for cell culture32

SiO2 No – Lithography 0.3 µm thick, 0.5 and 3.0 μm 
pores

Vasculature Endothelial 
differentiation of 
ADSC and 
perivascular 
interaction55
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Table 2

Summary of membrane-supported tissue barrier studies where cyclic strain was applied. All membranes used 
were custom cast PDMS.

Membrane attributes Strain Cell or tissue type Goal of the study

10 μm pores, 30 μm thick 
(implied)

Capable of 10 % 
cyclic (0.15 Hz) strain

Gut epithelium and Lactobacillus 
rhamnosus

Promoted culture of gut microbial 
flora6

10 μm pores, 20 μm thick 
(implied)

Capable of 10 % 
cyclic (0.15 Hz) strain

Gut epithelium Induction of Caco2 villus 
differentiation13

10 μm pores, thickness not 
mentioned

Capable of 10 % 
cyclic (0.15 Hz) strain

Gut epithelium and Coxsackie B1 Reconstituting the polarized viral 
infection of the gut7

10 μm pores, 10 μm thick Capable of 5–15 % 
cyclic (0.2 Hz) strain

Alveolar epithelium- endothelium Reconstitute lung function10

7 μm pores, 50 μm thick Capable of 10 % 
cyclic under cyclic (1 
Hz) suction (0.85 kPa)

Kidney glomerulus Recapitulation of glomerular 
filtration23
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Table 3

Summary of ultrathin membranes that can be utilized in tissue barrier and co-culture models. Pnc-Si (Porous 
Nanocrystalline Silicon), SiN (Silicon nitride), SiO2 (silicon dioxide)

Material Commercially available? Attributes Cell or tissue type Goal of the study

Parylene No – Lithography 0.8 – 4.0 µm pores, 1 
μm thick

Fibroblast co- culture Fabrication of thin membranes 
allowing physical contact52

Pnc-Si No – Rapid phase transition 
and lithography

15 nm thick, 3 – 80 
nm “pores”

Endothelium Investigate feasibility of 
nanomembrane-supported 
endothelial barrier model30

Pnc-Si No – Rapid phase transition 
and lithography

15 – 30 nm thick 
(likely), 30 – 80 nm 
pores (likely)

Endothelium On chip TEER measurement 
correction113

Pnc-Si and SiN No – rapid phase transition 
and lithography

15 nm thick, 30 nm 
pores, supported on a 
SiN hexagonal grid

Neutrophils Shear-free chemotaxis and cell 
labeling21

SiN No – Lithography 0.27 – 0.7 µm pores, 
1 μm thick

Blood brain barrier Allowance of physical contact to 
improve tissue barrier51

SiN No – rapid phase transition 
and lithography

0.3 µm thick, 40 – 80 
nm pores

Endothelium Demonstration of cell culture114

SiO2 No – Lithography 0.3 µm thick, 0.5 – 
3.0 μm pores

HUVEC/ADSC co- culture Fabrication of ultrathin membranes 
for cell culture32

SiO2 No – Lithography 0.3 µm thick, 0.5 and 
3.0 μm pores

Endothelium Cell-substrate interactions49

SiO2 No – Lithography 0.3 µm thick, 0.5 and 
3.0 μm pores

Vasculature Endothelial differentiation of 
ADSC and perivascular 
interaction55
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Table 4

Resistance to diffusion, fluid flow, and current flow for different pore or channel geometries. r is the pore 
radius, w and h are the width and height of the rectangular channel, respectively. L is the length of the pore or 
the rectangular channel, parallel to the direction of fluid and current flow; A is the cross sectional area normal 
to the flow of electric current. D, μ, and K are the diffusion coefficient of the solute, dynamic viscosity of the 
fluid, and the electrical conductivity of the media, respectively. The subscript p and ch denotes the pore and 
the rectangular channel, respectively.

Resistance to solute diffusion:

pore as a disc (account for pore discovery)119
R

p
=

1

4rD
(B1)

pore as a cylinder (account for pore passage)119: R
p

=
L

4πr
2

D

(B2)

Resistance to flow:

pore as a cylinder120: R
p

=
8μL

πr
4

(B3)

short through pore (in the case of a thin membrane)121: R
p

=
μ

r
3

3 +
8

π

L

r
(B4)

rectangular channel*: R
ch

=
12μL

wh
3

(B5)

Resistance to electric current:

for all geometry: R =
L

A · K
(B6)

*
Eqn (B)5 is an asymptotic approximation that holds for w ≫ h.
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Table 5

Estimated permeability of different membranes used in tissue barrier and co-culture models, calculated based 
on pore size, porosity, and membrane thickness. IP-DiLL(IP-dipin Laser Lithography photoresist), PC 
(Polycarbonate), Pnc-Si (Porous nanocrystalline Silicon), PDMS (Polydimethylsiloxane), SiN (Silicon nitride)

Material Commercially available? Permeability or Conductance 
Diffusive/Hydraulic/Electric

Tissue type Goal of the study

IP-DiLL photoresist No –two photon lithography 1.1 · 10−5 s/m3

4.5 · 10−6 pas · s/m3

2.2 · 105 S−1

bEnd.3 and 
U87 
glioblastoma

On chip BBB127

PC Yes – Track etched – AR- Brown 3.5 · 10−8 s/m3

3.2 · 10−9 pas · s/m3

270 S−1

CHO cells Rapid shear-free 
delivery of soluble 
factors over large 
culture area20

PDMS No – Custom casting 5.7 · 10−7 s/m3 pas

2.3 · 10−5 · s/m3

1.1 · 104 S−1

Caco-2 BEE On chip TEER 
measurement 
correction104

pnc-Si and SiN No – rapid phase transition and 
lithography

8.6 · 10−4 s/m3

8.6 · 10−8 pas · s/m3

1.0 · 107 S−1

neutrophils Shear-free chemotaxis 
and cell labeling21
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